Dark brown glasses were prepared from residues of basalt quarries and wastes of ceramic factories. Addition of CaF 2 , Cr 2 O 3 and their mixture CaF 2 -Cr 2 O 3 were used as nucleation catalysts. Generally, structures with augite and anorthite as major phases and small amount of magnetite and olivine phases were developed through the crystallization process. In the samples heat treated at 900°C the dominant phase is augite, whereas the content of anorthite usually overcomes the augite at higher temperature (1100°C). Fine to medium homogenous microstructures were detected in the prepared glass-ceramic samples. The coefficient of thermal expansion and microhardness measurements of the glass-ceramic samples were from 6.16×10 -6 to 8.96×10 -6°C-1 (in the 20-500°C) and 5.58 to 7.16 GP, respectively.
I. Introduction
Since the early 1960s, using waste to prepare glassceramics has developed in Russia, by employing slag of ferrous and non-ferrous metallurgy, ashes and wastes from mining and chemical industries [1] . Lately, the waste of coal combustion ash, fly ash and filter dusts from waste incinerators, mud from metal metallurgy, pass cement dust, different types of sludge and glass cullet or mixtures of them have been considered for the production of glass-ceramics [2] [3] [4] . Using waste to prepare glass-ceramics is significant for industrial applications as well as for environment protection and scientific importance with proper correction of the chemical composition [5, 6] .
Basalts are the main raw materials for the iron-rich glass and glass-ceramic materials. They are characterized by low viscosity, which allows production of polycrystalline materials by applying short production cycles at low temperature. For these reasons, many researchers continue to study the melting and the crystallization behaviour of different igneous rocks, and to characterize the obtained materials [7] .
Because glass and glass-ceramics are known to have many commercial applications, the transformation of waste into glass or glass-ceramics provides the opportunity of making useful, marketable products.
Ceramic waste materials used in this investigation are formed as waste materials from Saudi Ceramic plant Saudi Arabia formed during the manufacturing of sanitary ware ceramics. This waste accumulates in large quantities and possesses serious problems to the surrounding environment.
The use of waste materials such as ceramic waste, glass cullet, blast-furnace slag and by-pass cement dust for the production of glass-ceramic materials is of great economic technological and scientific importance through proper correction of chemical batch composition.
Research and development pertaining to glassceramic materials have been underway for more than three decades [8] . The fabrication technology of glassceramics, the glass composition, the nature of the nucleating agent and the thermal history, all greatly affect the microstructure and properties of these materials [9] . The internal crystallization can usually be achieved with a simple two-step heat treatment. In the first step, namely the nucleation step, the mobility of atoms in the glass is sufficient for embryo formation and subsequent nuclei stabilization. In the second step, the nuclei grow to crystals of desired sizes homogenously dispersed in the glass volume [10] . It is obvious that internal crys- The use of raw materials, such as igneous or sedimentary rocks, for the production of glass-ceramics materials is of great economic, technological and scientific importance. With proper batch formulation, different types of igneous and sedimentary rocks can be successfully used for the production of crystalline-glass materials of different microstructures and mineralogical constitutions having a wide range of properties. Furthermore, the study of crystallization process taking place in rock melts and their corresponding glasses has a great contribution in petrology field. Minerals capable of wide isomorphs substitutions in their crystal structures, and having the desired properties, may be the bases for the production of many valuable crystalline-glass materials [16] .
Due to the high chemical durability of natural basalts, basalt-like glass-ceramic materials were developed for nuclear waste disposal [17] and for vitrification of various hazardous industrial wastes [18] .
In the previous paper [2] , preparation of glassceramics materials from basaltic rocks and some industrial wastes was investigated. The aim of the present study is the preparation of glass-ceramics based on ceramic waste materials and basaltic rocks. The effect of different additions of the nucleating agents Cr 2 O 3 , CaF 2 and their mixtures on the crystallization ability, phase assemblages and microstructure was investigated.
II. Experimental procedure

Glass preparation and batch calculation
Wastes basaltic rocks and ceramic waste from Saudi Ceramic Company, Saudi Arabia, were used as starting materials for the preparation of the investigated glass and glass-ceramics. Their chemical compositions are given in Table 1 . The base glass (G0) was prepared by mixing of 80 wt.% of the basaltic rocks with 20 wt.% of the ceramic waste and their compositions are given in Table 2 .
Nucleation agents such as CaF 2 , Cr 2 O 3 and their mixture, were used for the control of crystallization process and formation of augite-anorthite glass-ceramics. Different amounts of additives were incorporated in the base glass G0 and five different samples were obtained: G2F with 2 wt.% of CaF 2 , G4F with 4 wt.% of CaF 2 , G0.5C with 0.5 wt.% of Cr 2 O 3 , G1C with 1 wt.% of Cr 2 O 3 and G2F0.5C with CaF 2 -Cr 2 O 3 mixture containing 2 wt.% CaF 2 and 0.5 wt.% of Cr 2 O 3 .
The weighed batch materials, after thorough mixing were melted in Pt crucibles in an electrically heated furnace at temperatures ranging from 1400 to 1450°C for 1.5 to 2 h depending upon the nucleant involved. The melts containing Cr 2 O 3 were rather more viscous than those containing CaF 2 and their mixtures therefore required higher temperatures and longer periods of melting. The homogeneity of the melt was achieved by swirling of the melt-containing crucible several times at about 20 min. intervals. After melting and refining, the bubble-free melt was cast onto a hot steel marver into buttons and rods. The hot glass samples were then transferred to a preheated electric muffle furnace for annealing.
Differential thermal analysis
Differential thermal analysis (DTA) was carried out by a Shimadzu DTG60 micro differential thermoanalyser. 60 mg of powdered glass sample, of grain size less than 0.60 mm and greater than 0.2 mm, were used against Al 2 O 3 powder as a reference material. A heating rate of 10°C/min was maintained for all runs. The heat- treatment of the glass samples were heated in a muffle furnace from room temperature to the required temperature and kept at the intended temperature for 2 h, after which the furnace was switched off and the samples were allowed to cool inside it to room temperature. The prepared glass samples were first soaked at 700°C for 1 h and then at 900 and/or 1100°C for 2 h.
X-ray diffraction analysis
Identification of crystalline phases precipitating in the course of crystallization was done by X-ray diffraction analysis of the powdered samples. X-ray diffraction patterns were obtained using a Bruker D8 Advance, Germany adopting Ni-filtered CuKα radiation. Instrument settings of time constant 1 s, multiplier 1, range cps 400 and scanning speed 1°/min were used in this analysis.
It is worthy to mention that through X-ray analyses, all instrument settings were maintained for the analyses using a Si disk as an external standard (this was necessary to make the measurements based on the peak height more accurate). The reference data for the interpretation of X-ray diffraction patterns were obtained from ASTM X-ray diffraction Card file (1979) . Other data obtained from several publications were also taken into consideration.
Scanning electron microscope
Scanning electron microscope (SEM model XL30, Phillips Holland) was used to evaluate the microstructure of crystalline samples at 1100°CṪhe fresh fracture surface of the samples was etched chemically with acidic solution (1% HF +1% HNO 3 ) for 1 s. The investigated samples were then dried and finally covered with a gold film for SEM examination.
Thermal expansion coefficient and hardness
Measurements of thermal expansion coefficient (CTE) of the glass-ceramics were carried out using a thermo-dilatometeric analyser (Netzsch DIL 402 PC, Germany), using a fused silica bar as a standard.
Indentation microhardness of the investigated samples was measured by Vicker's microhardness indenter (Shimadzu, Type-M, Japan) using load 100 g and loading time of 15 s. Figure 1 shows the DTA curves for the various specimens were studied in this work. It can be noticed that the nucleation occurs in the temperature range from 682 to 718°C, while crystallization occurs at temperatures between 846 and 1098°C ( Table 3) .
III. Results and discussion
The crystallization temperature of the base glass G0, according to DTA results, was at 884°C and 1090°C. XRD analysis of the sample G0 heat-treated at 900°C confirmed presence of augite as a major phase and small amount of magnetite and olivine, whereas at 1100°C major phases are augite and anorthite and a little amount of magnetite and olivine can be observed (Figs 2,3 and Table 4 ). Thus, it can be concluded that the first exothermic peak (Fig. 1) refers to the formation of augite as a major phase whereas, the second peak refers to the formation of anorthite as a major phase.
Calcium fluoride was incorporated in the base glass in amounts of 2 and 4 g /100 g of glass oxide (Table  3) . Generally, it facilitates the melting process and decrease the temperature of beginning of crystallization of the glasses. It reduces the melting temperature and also the viscosity of the resultant melt in comparison with CaF 2 -free glasses. The endothermic peak temperatures (Table 3) shift from 700 in the base glass G0 to 687 and 682°C in the GF2 and GF4 glasses, respec- tively. Also, the crystallization exothermic peaks of the base glass G0, observed at 884 and 1090°C, shift to 898 / 1085°C and 846 / 1069°C in the glasses G2F and G4F, respectively (Fig. 1, Table 3 ). At lower temperature, 900°C, the presence of 2% CaF 2 (the sample G2F) facilitated formation of augite as a major crystalline phase, besides olivine and magnetite as minor phases (Fig. 2) . At higher temperature, 1100°C, similar like in the base glass G0, augite and anorthite were developed. In the sample G4F containing higher percentages of CaF 2 (4 wt.%) formation of augite phase at 900°C is retarded and higher amount of olivine and magnetite can be observed (Fig. 2) . However, after heat-treatment at 1100°C amount of anorthite is higher than augite and magnetite ( Table 3 ). The SEM micrographs of the fluorine-containing samples, heat-treated at 1100°C/2 h, show homogenous very fine grain microstructure in the sample G2F, whereas homogeneous pattern with well crystalline cubic crystal structure and skeletal fine grained mottled fabrics where developed in the sample G4F (Fig. 5) . Generally, the presence of fluorine helps in the formation of olivine and magnetite at low temperature and favoured formation of anorthite and magnetite at high temperature. This variability of mineral formation can be ascribed to the strong effect of fluorine ions on reducing the viscosity of the crystallizing glass. As a result it facilitates migration and diffusion of the ions and ionic complexes present to such an extent that crystallization of the structurally more complex silicates can take place, e.g. the anorthite and magnetite formation.
The addition of 0.5% Cr 2 O 3 (the sample G0.5C) and 1% Cr 2 O 3 (the sample G1C) to the base glass tends to shift T g , glass transition temperature, to relatively higher values at 701°C and 718°C, respectively. In addition, the exothermic peaks shift to 896 / 1082°C and 901 / 1098°C for G0.5C and G1C, respectively (Fig. 1) . The X-ray diffraction analysis of the crystallized Cr 2 O 3 -containing glasses, treated at 900°C , indicates the formation of augite, olivine and magnetite (Table 3) . At higher temperature, i.e. 1100°C, intensities of anorthite lines (e.g. lines at 4.05, 3.77 and 3.21 Å) and olivine lines (e.g. lines at 2.77, 2.67 and 1.76 Å) are relatively strong, especially in the sample G1C with higher Cr 2 O 3 content (Fig. 3) . The SEM micrograph of the sample G0.5C shows homogenous fine grained microstructure after treatment at 1100°C/2 h (Fig. 5c) , while structure of the sample G1C contains well defined crystalline fabrics and ribbon within glassy matrix (Fig. 5) .
The beneficial effect of Cr 2 O 3 additions in inducing fine-grained bulk crystallization as well as its influence on the observed phase composition may be due to one or more of the following reasons. It is well known that in some super cooled silicate melts and glasses, Cr 2 O 3 may be completely miscible at high temperatures, but rapidly separates out at lower temperatures, either in the form of Cr-containing minute crystalline phases or as Cr-rich amorphous colloidal droplets [19] which act as sites for the subsequent crystallization of the major phases. The great affinity that chromium can be combined with other cations, such as Mg higher field strength and hence it would occupy an interstitial position, exerting a marked ordering effect upon the oxygen ions surrounding it. Under these circumstances an amorphous chromium-rich phase separates out from the glass. The addition of 0.5% Cr 2 O 3 and 2% CaF 2 mixture to the base glass enhances the crystallization ability. From DTA results, it can be noticed that the exothermic crystallization peaks are displaced to lower temper- atures when compared with those of the base glass G0 or glass containing 0.5% Cr 2 O 3 (the sample G0.5C) (Fig.  1) . The glass containing this mixture facilitated augite solid solution as the major crystalline phase and minor amounts of magnetite and olivine at lower temperature 900°C/2 h (Table 3) . At higher processing temperature, 1100°C/2 h, the mixture favoured the formation of anorthite and retarded augite formation (Fig. 4) . The thermal expansion coefficients (CTE) of the selected glass-ceramics are 6.61×10 -6°C-1 and 8.96×10
-6°C-1 in the glass-ceramics G0 and G4F, respectively (Table 5 ). In the previous work [21] , the glass-ceramics prepared from basalt composed mainly of clinopyroxenes exhibited thermal expansion coefficients in the range 7.23-8.52×10
-6°C-1 (in temperature range 0-300°C). In addition, the CTE of diopside and anorthite are reported by Rigby and Green [22] , respectively. Thus, the thermal expansion behaviour of the investigated glass-ceramics more or less follows the previously published results.
The micohardness values were found to be in the range from 5.58 to 7.16 GP. These high values indicate that the investigated glass-ceramics have high abrasion resistance and the possible applications under hard mechanical conditions.
IV. Conclusions
In the present work, the presence of CaF 2 helps in the formation of anorthite and magnetite, and retarded augite formation, and leads to the formation of fine to medium homogenous microstructures. On the other hand, the presence of low concentration of Cr 2 O 3 (0.5 wt.%) is highly effective as catalyst for initiating crystallization centers that induce volume crystallization and formation fine grained glass-ceramics. When Cr 2 O 3 is present in higher concentrations (1.0 wt.%), it favours anorthite formation and retarded augite crystallization. Mixtures of the nucleant species 0.5% Cr 2 O 3 and 2% CaF 2 can lead to the formation anorthite due to CaF 2 , which also facilitates the crystallization process and favours reaching thermodynamic equilibrium.
The investigated glass-ceramics have thermal expansion coefficients ranging from 6.16×10 -6 to 8.96×10
-6°C-1 (in the 20-500°C) and good microhardness values ranging from 5.58 to 7.16 GP.
